Head trauma is a well-established epidemiological risk factor for Alzheimer's disease, but a study of early detection of its pathology has not yet been performed in human patients in vivo. To address this issue, we performed 11 C-labelled Pittsburgh compound B-positron emission tomography on a right-handed 30-year-old man with cognitive deterioration after repetitive head trauma during karate matches. Structural magnetic resonance imaging was also performed on this patient. The same positron emission tomography analysis was performed on elderly healthy controls (15 men, mean age: 70.7 AE 6.2 years). To analyze grey matter volume, structural magnetic resonance imaging was performed on age-matched healthy controls (15 men, mean age: 28.5 AE 3.6 years). The cognitive deterioration in our patient was fixed and partially improved in the 10 years after the repetitive head trauma. However, Pittsburgh compound B-non-displaceable binding potential was significantly elevated in the patient. Volume reduction was shown in the medial temporal region, cerebellum, and the basal frontal cortex, while amyloid-β increase was shown in the bilateral prefrontal cortex. This is the first study to show an early degenerative process due to head trauma in the prefrontal cortex, where structural damage is not yet visible. Early recognition of the degenerative pathology due to repetitive head trauma by amyloid and possibly tau imaging would help clinicians determine how to treat those with early symptoms.
INTRODUCTION
Repetitive traumatic brain injury (TBI) is known to be related to a neurodegenerative disease that is found most often in professional athletes involved in contact sports (e.g. boxing, American football). Despite the serious consequences of TBI from contact sports and the large number of people at risk, early in vivo detection of such pathology in patients is in its preliminary stages and has not yet been reported. To address this issue, we performed positron emission tomography (PET) scans using an amyloid-β (Aβ)-specific radioligand to examine whether brain amyloid deposits could be found in a patient with repetitive head trauma.
CASE PRESENTATION
The patient was a right-handed 30-year-old man. He had no family history of dementia. His early childhood development was reportedly unremarkable. His academic performance was intermediate before TBI. He started karate exercises in secondary school and continued with these into university. In karate matches during university, he had received repeated head blows, resulting in concussive trauma with loss of consciousness for a few minutes, more than once a month, over 2 years. In his third year at university, he experienced difficulty in concentrating, and it was pointed out to him that he often made the same repeated mistakes in his daily life. He developed attention and memory problems and began to experience behavioural disturbances (irritability and explosive behaviour). Ten years before admission to our hospital, he had visited a general hospital and undergone neuropsychological testing and a magnetic resonance imaging (MRI) brain examination. Testing showed memory disturbance and cerebral atrophy bilaterally in the hippocampus. He received a diagnosis of cognitive brain dysfunction due to repetitive TBI and was followed closely at the hospital.
After graduating from college, the patient worked as a caregiver in a nursing facility. However, he always felt anxious, agitated, and challenged by situations requiring memory and concentration. He then developed active delusions that his parents and the employees of the nursing facility were conspiring to persecute him. He was referred to our hospital for treatment for impulsivity and delusional persecutory beliefs. After treatment with antipsychotic drugs, he recovered from his psychotic symptoms but still had difficulty in retrieving memories. A physical examination revealed no abnormalities. At this point, we found cerebral atrophy on T 1 MRI, but there were no microbleeds on T 2 -star MRI. There were no electroencephalographic abnormalities. Neurological parameters were normal except for a persistent cognitive disturbance shown by neuropsychological tests (Table 1) .
To examine whether brain amyloid deposits could be detected in this patient, we acquired PET images by using 11 C-labelled Pittsburgh compound B (PiB), an Aβ-specific radioligand. We also acquired structural MRI on the day of the initial PET acquisition (File S1). As we had no PET imaging data on age-matched healthy controls (HCs), the data of 15 elderly HCs (15 men, mean age 70.7 AE 6.2 years) who underwent PET using the same image acquisition protocol were used for comparison in our analysis. To obtain data on grey matter (GM) volume, we performed structural MRI on age-matched HCs (15 men, mean age: 28.5 AE 3.6 years). We recruited all HC groups from the local area by poster advertisement. Exclusion criteria for HCs were a history or present diagnosis of any Diagnostic and Statistical Manual of Mental Disorders, 4th edition, axis I disorder or any neurological illness. The institutional review boards of all the participating institutions approved this study, and all participants provided written informed consent. Table 1 shows the neuropsychological data of the patient immediately after his first visit to the general hospital, 4 years later (during his third year at university), and at admission to our hospital 10 years after the repetitive head trauma. Intellectual functioning as assessed by the Wechsler Adult Intelligence ScaleRevised at the first admission showed borderline intellectual functioning, which then improved to an average level 10 years later. The patient also had anterograde memory deficits. The Wechsler Memory Scale-Revised showed profound memory deficits at the first admission. During the subsequent 10 years, these deficits ameliorated but did not completely resolve. They were especially remarkable on tests of delayed memory. Frontal function was measured at admission to our hospital, with findings of dysfunction on the Frontal Assessment Battery, the Wisconsin Card Sorting Test, and the Stroop test. From the voxel-based morphometry results, we found that the patient had a significant decrease in GM volumes. As shown in Figure 1 and Table S1 in File S1, the patient had significantly reduced GM values in the bilateral hippocampus, cerebellum, and orbitofrontal cortex. None of the patient's GM values was significantly larger than those of the HCs. In voxel-based analysis of the PiB-non-displaceable binding potential (BP ND ) signal, the patient showed a significant BP ND elevation for 11 C-labelled PiB in the bilateral prefrontal cortex (Fig. 2, Table 2 ). None of the patient's BP ND values was significantly lower than those of the HCs. In the abnormal regions discovered by voxel-based analysis, spherical volumes of interest were placed on the BP ND image by using the coordinates of the pixel maximum as the centroid. We again found a significant PiB-BP ND elevation in the bilateral prefrontal cortex. Table 2 gives the exact BP ND values in each area of interest in the patient and the HCs. Figure 3 shows that the patient's BP ND values, as determined by the volumes-of-interest method, exceeded the mean + 2 × SD of the corresponding HC values in each of the three volumes of interest.
RESULTS

DISCUSSION
We found an Aβ increase in the bilateral prefrontal cortex, as well as GM volume reductions in the medial temporal region, cerebellum, and basal frontal cortex. This is the first case report of amyloid PET signal documented in a very young patient, 10 years after cessation of exposure to repetitive head injury. To our knowledge, PiB positivity has not previously been documented after such a long delay in such a young patient with TBI. TBI is clinically distinct from the immediate after-effect of a head injury. The cognitive deterioration in our patient was not progressing and, indeed, had partially improved during the 10 years after the original repetitive head trauma from karate. Therefore, the cognitive symptoms seen on examination were not due to any progressive pathology, but to primary neuronal losses in the medial temporal area and basal frontal cortex, seen as GM volume reductions. We thought that the volume reductions were the direct result of injury from repetitive head blows, but the Aβ increase represented an induced and secondary degenerative pathology.
Whether the Aβ pathology progresses over time in the traumatized brain remains controversial. A PET radioligand-binding study by Hong et al. demonstrated increased amyloid in cortical GM and the striatum after TBI. 1 Gatson et al. conducted serial amyloid PET imaging in two patients with severe TBI at 1, 12, and 24 months after injury and reported that within 2 years after severe TBI, amyloid had accumulated at both early and late time points. 2 In contrast, C-labelled PiB was positive in three patients and negative in the other nine. 3 We ascribe the disagreements among these previous reports to the heterogeneity of the TBI-related neurodegenerative pathology. In fact, among patients with autopsy-proven chronic traumatic encephalopathy with the tau pathology, up to 17% were found to have additional comorbid neuropathologies such as Alzheimer's disease, frontotemporal lobar degeneration, motor neuron disease, or α-synucleinopathy. 4 Our finding is consistent with the concept of diversity in TBI-related neurodegenerative diseases. In TBI, rapid accelerations of the head result in stretching of white matter axons, leading to diffuse axonal injury. Injury leads to failure of axonal transport, axonal swelling, and finally, Wallerian degeneration. Axonopathy frequently continues for years after a head injury, and it is possible that axonal injury resulting from repetitive TBI, in conjunction with the loss of micro-vascular integrity and breach of the blood-brain barrier, could stimulate multiple molecular pathways responsible for the aberrant accumulation of proteins common to neurodegenerative diseases. 5 Given that TBI might trigger later degeneration, the bilateral prefrontal cortex, where we found a large Aβ increase in our patient, might be a region where axons and capillaries are especially vulnerable to acceleration-deceleration forces from blows to the front of the face. In summary, our study revealed that a patient with TBI had Aβ deposition in the prefrontal cortex due to an early degenerative process; however, the patient's clinical and neuropsychological features had stabilized and partially improved in the more than 10 years since repeated head trauma due to karate. At the time of examination, the degenerative process was at an early stage, and no structural damage to the prefrontal cortex was visible. In the future, caspase activation initiated by exposure to increased Aβ in the prefrontal cortex could lead to increased tau protein, thus promoting neurofibrillary tangle production in the prefrontal cortex. These aberrant protein aggregations may induce a frontal lobe degeneration syndrome characterized by loss of insight, disinhibition, irritability, aggression, and euphoria. Early recognition of degenerative pathology in patients with TBI by imaging amyloid and possibly tau proteins should help clinicians devise treatment strategies for early symptoms before they progress to severe, late symptoms. Scientific Research (no. (C) 15K09841). The funding body had no role in the conduct of this study or in its publication.
